Benthic foraminiferal stable isotopic records from a transect of sediment cores south of the Iceland-Scotland Ridge reveal that the penetration depth of Iceland-Scotland Overflow Water (ISOW) varied on orbital timescales with precessional pacing over the past~200 kyr. Similar, higher benthic foraminiferal δ 
Introduction
Variability in the formation of deep Northern Component Water (NCW; analogous to modern North Atlantic Deep Water; NADW) is linked to regional and global climate changes on orbital timescales (e.g., Broecker and Denton, 1989; Raymo et al., 1989) . Causal mechanisms for variations in NCW formation are thought to be associated with incoming solar radiation (insolation), fresh-water input (Elmore and Wright, 2011; Elmore et al., 2015) , and/or sea ice extent (Broecker and Denton, 1989; Rind et al., 2001; Dokken et al., 2013) . During the late Pleistocene, changes in insolation in the high northern latitudes were the product of the combined influences of variations in the Earth's orbital parameters of eccentricity (~400 kyr and 100 kyr), obliquity (~40 kyr) cycles, and precession (~23 kyr) (Laskar et al., 1993) . Since past variations in NCW production are tied to climatic conditions (including surface water temperature and wind strength), studies have linked particular NCW circulation patterns to different climate states, notably the glacial and interglacial end members (e.g., Broecker et al., 1985; Imbrie et al., 1993; Lisiecki et al., 2008) . However, insolation changes are not simply sinusoidal because the total insolation received is derived from distinct orbital periodicities (Laskar et al., 1993) ; and therefore, the deep-water circulation states may be unique for each glacial and interglacial period, as well as for intermediate climate states. Thus, there is significant scope for variations of NCW production to change both on glacial-interglacial timescales and with the precise orbitals associated; however, these NCW variations remain unresolved.
Modern NADW is produced by the interplay between five intermediate to deep water-mass components, Iceland-Scotland Overflow Water (ISOW;~5 Sv), Denmark Strait Overflow Water (DSOW; 5 Sv), Antarctic Bottom Water (AABW;~1 Sv), Labrador Sea Water (~1 Sv), and Mediterranean Outflow Water (~1 Sv) (Worthington, 1976) . Kuijpers et al. (1998) suggested that ISOW is the most important water mass for forming NADW; however, uncertainty remains as to the historical flux, strength, and penetration depth, related to the density of ISOW, particularly during intermediate climate states. While variability in each of the components of NADW is not fully understood, it has been proposed that changes in these components have contributed to the orbital-scale climate variability (Hillaire-Marcel et al., 1994; Raymo et al., 2004; Millo et al., 2006) . Iceland-Scotland Overflow Water forms by convection in the Norwegian and Greenland Seas and the Arctic Ocean (Worthington, 1976; Mauritzen, 1996) and penetrates to N4 km depth (Dickson et al., 1990) . The total contribution of ISOW is related to surface temperature and salinity in the Nordic Seas (Duplessy et al., 1988a) , as well as to the volume of surface inflow (Worthington, 1976) , amount of sea ice cover (Prins et al., 2002; Raymo et al., 2004) , wind forcing (Kohl et al., 2007) , and regional tectonics (Wright and Miller, 1996) . Sea-level and sill depth assert a control on ISOW contribution because they regulate the sensitive cross-sectional volume above the Iceland-Scotland-Faeroe Ridge, through which overflow water can pass between the open North Atlantic and the Nordic Seas (Millo et al., 2006) . Thus, researchers suggested that ISOW strength and penetration depth have varied on timescales of millions of years (Wright and Miller, 1996) , tens of thousands of years (i.e. orbital scale; Duplessy et al., 1988a; Raymo et al., 2004) , thousands of years (i.e. millennial; Dokken and Hald, 1996; McManus et al., 1999) , hundreds of years (Bianchi and McCave, 1999; Moffa-Sanchez et al., 2015) , years (Turrell et al., 1999) , or seasons (Hátún et al., 2005) .
Iceland-Scotland Overflow Water formation was likely vigorous and deeply penetrating during interglacial Marine Isotope Chron (MIC) 1 and 5e (Duplessy et al., 1988a,b; Kissel et al., 1997 ) and weaker and/ or less deeply penetrating during the Last Glacial Maximum (LGM; MIC 2; Duplessy et al., 1988a; Kissel et al., 1997; Yu et al., 2008; Sarnthein et al., 2007) ; however, the history of ISOW is unclear for other glacial and intermediate climate states. For instance, Kuijpers et al. (1998) argued for enhanced formation of ISOW during MIC 6, while Kissel et al. (1997) and Rasmussen et al. (2013) considered it minimal. Kissel et al. (1997) presumed ISOW was vigorous during MIC 5d, while Kuijpers et al. (1998) and Rasmussen et al. (2013) suggest it was minimal. Additionally, several studies suggest that ISOW was vigorous during MIC 3 (Duplessy et al., 1988b; Kissel et al., 1997; Kuijpers et al., 1998) , while others suggest a variable ISOW due to higherfrequency Heinrich Events and Dansgaard-Oschger Cycles (Rasmussen et al., 1996a,b; Kissel et al., 1999; Prins et al., 2001 Prins et al., , 2002 Rasmussen and Thomsen, 2009 ). Because ISOW is a large contributor to NCW (Schmitz and McCartney, 1993; Kissel et al., 1997; Hansen and Osterhus, 2000) , variations in ISOW strength have been proposed to exert a large control over NCW circulation patterns (Kuijpers et al., 1998) .
Large-scale deepwater circulation patterns in the North Atlantic have been reconstructed using geochemical records from benthic foraminiferal Cd/Ca (Boyle and Keigwin, 1987) , Zn/Ca (Marchitto et al., 2002) , ε Nd (Yu et al., 2008; Roberts et al., 2010; Crocket et al., 2011) , and especially δ 13 C (e.g., Boyle and Keigwin, 1987; Oppo and Fairbanks, 1987; Duplessy et al., 1988a; Raymo et al., 1990; Sarnthein et al., 1994; Oppo and Lehman, 1995; Flower et al, 2000; Curry and Oppo, 2005; Olsen and Ninnemann, 2010) . Modern NADW is nutrient depleted, and thus, has high δ 13 C values (1-1.5‰; Kroopnick et al., 1972; Kroopnick, 1985) ; modern NADW includes reintrained North Atlantic waters as well as contributions of ISOW, DSOW, and LSW, which have δ 13 C values of~0.8‰,~0.8‰ (Bauch et al., 2001; Dokken et al., 2013) , and 0.8-1.2‰ (Winsor et al., 2012) , respectively. In contrast, the nutrient-enriched Southern Ocean is vertically well mixed due to the strong West Wind Drift, and thus has an isotopic composition of δ 13 C~0.4‰ (Kroopnick, 1985) . Deep Pacific Ocean δ 13 C values are~0.0‰, reflecting the long residence time of these waters (Kroopnick, 1985) . As such, measured δ
13
C values of biogenic calcite in the deep Southern Ocean reflect the relative inputs of deepwater masses from the Pacific, Indian, and Atlantic Oceans (Oppo and Fairbanks, 1987; Charles and Fairbanks, 1992; Lynch-Stieglitz et al., 2007) .
During glacial-interglacial transitions of the late Pleistocene, benthic foraminiferal δ 13 C studies, supported by other geochemical studies, determined that the large-scale patterns of deepwater circulation vary between glacial and interglacial climate states (Boyle and Keigwin, 1987; Oppo and Fairbanks, 1987; Duplessy et al., 1988a; Oppo and Lehman, 1995; Roberts et al., 2010; Gebbie, 2014) . Cross-sections of benthic foraminiferal δ
C values of the Atlantic during the LGM (GEOSECS; Curry et al., 1988; Oppo and Horowitz, 2000; Venz and Hodell, 2002; Raymo et al., 2004; Curry and Oppo, 2005) show that a shoaling of NCW currents allowed for the northward intrusion of Antarctic Bottom Water (AABW) into the northern North Atlantic, up to 60°N. Studies have therefore suggested that the core of NCW shoaled by as much as 2 km during the LGM (Curry et al., 1988; Duplessy et al., 1988a; Sarnthein et al., 1994; Oppo and Lehman, 1995; Gebbie, 2014) , coincident with a weakened and/or shallower ISOW (Duplessy et al., 1988b; Kissel et al., 1997; Yu et al., 2008) .
The objective of this study was to determine variability in deepwater circulation patterns in the eastern North Atlantic over the past 200 kyr on orbital and millennial timescales. Herein, new δ 13 C records from sediment cores 11JPC and 3GGC, from the southern end of Gardar Drift, are presented for the past 200 ka (Fig. 1A) . New records from these two cores are combined with published records from seven other cores with a variety of depths and sufficient data within the interval of interest to form our "Gardar Drift Transect" (Table 1 ; Fig. 1 ). This transect provides a unique opportunity to track variations in the influence of ISOW. Transect cores, combined with cores from the South Atlantic (Ocean Drilling Program; ODP Site 1090) and mid-latitude North Atlantic (Deep Sea Drilling Program; DSDP Site 607), allow for the examination of southern sourced waters in the eastern northern North Atlantic in a similar method to the Atlantic cross-sections (e.g., Curry and Oppo, 2005) , but on a finer scale (Fig. 1B) . To examine the depth to which ISOW penetrated, benthic foraminiferal δ 13 C, a semiconservative water mass tracer, was compared along a depth transect south of the Iceland-Scotland Ridge, with the occurrence of low δ 13 C water on southern Gardar Drift (here taken to be southern sourced) being indicative of a shoaled ISOW.
Methods

Regional setting
Gardar and Bjorn Drifts are key deposits for studying North Atlantic paleoceanography since they lie within the flow of modern-day ISOW ( Fig. 1A; e.g., Oppo and Lehman, 1995; Bianchi and McCave, 1999) . As ISOW flows south along the Reykjanes Ridge, contourite drift deposits form along each edge of the current, with Bjorn Drift to the north and Gardar Drift to the South ( Fig. 1A ; Davies and Laughton, 1972; Bianchi and McCave, 1999) . Contourite drifts, like Gardar and Bjorn, are found throughout the North Atlantic where large quantities of sediments are 'plastered' against already existing bathymetric features (Hollister et al., 1978) . These countourite drift deposits provide an excellent location for paleoceanographic reconstructions due to the high sedimentation rates ( Fig. 1A; e.g., McCave et al., 1980; McCave and Tucholke, 1986; Channell et al., 1997; Hall et al., 1998; Bianchi and McCave, 1999; Faugers et al., 1999; Praetorius et al., 2008; Thornalley et al., 2010 Thornalley et al., , 2011a Elmore and Wright, 2011; Elmore et al., 2015) . To utilize the paleoceanographic information in this archive, the study examined jumbo piston core, 11JPC (2707 m), and giant gravity core, 3GGC (3305 m; Table 1 
Samples and sedimentological data collection
To generate estimates of weight percent of carbonate (Wt. % CaCO 3 ) and weight percent of coarse fraction (Wt. % CF), we sampled cores 11JPC and 3GGC at~5 cm intervals for the entire length of both cores (23.60 m for 11JPC and 1.84 m for 3GGC). Samples were split approximately in half and each half was dried overnight in a 50°C oven. One half of each sample was weighed (Dry Wt. initial ) and combined with 40 ml of 1.0 M acetic acid in a 50 ml centrifuge tube for 24 hours. Each sample was agitated during the process to ensure complete removal of carbonate from the sample. The vials were centrifuged for 1 minute to separate the sample from the acid, which was then decanted. Samples were reprocessed in acetic acid and then rinsed with 40 ml of deionized water three times, centrifuging for 1 minute before each decanting. Samples were then oven-dried and weighed again (Dry Wt. -CaCO3 ). Assuming negligible opal content since biogenic silica was not observed during microscopic examination, the weight percent calcium carbonate (Wt. % CaCO 3 ) was then determined using the following equation:
Weight percent coarse fraction (Wt. % CF) was determined by weighing the other half of the dried sample before (wt. unwashed ) and after (wt. washed ) being washed through a 63 μm sieve. Dry samples were soaked in a dilute calgon solution to prevent flocculation during washing. Wt. % CF was then calculated using the following equation:
Stable isotopic analysis
In order to assess the paleoceaongraphic changes over Gardar Drift since 200 ka, stable isotopic analyses of δ
18
O were performed on benthic foraminifera to establish age control (e.g., Lisiecki and Raymo, 2005) , and the simultaneous analysis of δ 13 C was measured since epifaunal benthic foraminifera faithfully record changes in the δ
13
C value of the bottom waters in which they live (e.g., Curry and Oppo, 2005) . For this study, only P. wuellerstorfi tests were chosen for benthic foraminiferal analysis since some Cibicidoides taxa (e.g., C. robertsoniensis) do not record equilibrium values and may be up to 1‰ lower in δ 13 C values in this region (Elmore, 2009) . Planktic foraminifera were also analyzed for stable isotopic concentration to ensure that changes in surface productivity were not a controlling factor on benthic δ 13 C values (Mackensen et al., 1993) .
For stable isotopic analyses,~15 tests of the planktic foraminifera, Globigerina bulloides, and~5 tests of benthic foraminifera, Planulina wuellerstorfi, were handpicked under a binocular microscope from the 250-350 μm size fraction of the washed samples. The samples were analyzed using a Micromass Optima Mass Spectrometer equipped with an automated Multiprep at the Rutgers University Stable Isotope Laboratory. Samples were reacted in phosphoric acid for 15 minutes at 90°C. Measured values are reported using standard δ-notation and are compared to Vienna PeeDee Belemnite using an internal lab standard that is routinely calibrated with NBS-19 (1.95‰ δ 13 C, − 2.20‰ δ 18 O; Coplen et al., 1983) . The internal lab standard is offset from NBS-19 by 0.1‰ for δ 13 C and 0.04‰ for δ 18 O. The 1-σ precision of standards during analysis for this project was typically 0.05‰ for δ 13 C and 0.09 for ‰ δ
18
O. Differences between bottom water δ 13 C values are the result of the waters' source region (δ 13 C values are biologically fractionated during primary productivity and undergo temperature-dependent fractionation during air-sea gas exchange; Lynch-Stieglitz et al., 1995); δ 13 C values are also controlled by water mass ageing and productivity fluctuations above the waters' flow path. Additionally, benthic foraminiferal δ
13
C values can be affected by organic carbon settling to the deep sea above the site, which is controlled by primary productivity and remineralization (Mackensen et al., 1993) . Thus, benthic foraminiferal δ 13 C records at a particular site may also contain a localized signal relating to changing organic carbon flux and/or water mass remineralization properties. For southern Gardar Drift Sites for which data are presented here, there are no significant similarities between the planktic and benthic δ 13 C records within each core (Figs. 2, 3), indicating that surface processes are not dominating the benthic foraminiferal δ 13 C signal. Similar δ
C values among all Gardar Drift sites ( Fig. 5C ), especially during interglacials, provide additional confidence in the use of δ 13 C as a reliable water mass tracer on Gardar Drift (Praetorius et al., 2008; Thornalley et al., 2010 Thornalley et al., , 2011a Elmore and Wright, 2011; Elmore et al., 2015) . Thus, for the remainder of this manuscript, our Gardar Drift benthic foraminiferal δ 13 C data have been confidently used as a paleowatermass tracer.
Age models
The age model for the top 333 cm of 11JPC was constrained by 15 AMS 14 C ages (Table 2) , which were all previously published in Elmore and Wright (2011) and Elmore et al. (2015) . As previously published, the AMS samples were composed of 4-6 mg of planktic foraminifera Globogerina bulloides that were selected using a binocular microscope, ultra sonificated in deionized water, and analyzed at the Keck Center for Accelerator Mass Spectrometry at the University of California, Irvine (Elmore and Wright, 2011) . These published (2002) radiocarbon ages were then converted to calendar ages according to the Fairbanks0805 calibration, and a standard 400-year reservoir correction was applied (Fairbanks et al., 2005) . Since the publication of these AMS 14 C dates, temporally evolving reservoir age corrections have been proposed for studies of cores from this region (Thornalley et al., 2011b; Stern and Lisiecki, 2013) , application of constant correction/adjustment does not change the conclusions of this study because 1) the majority our study interval (210-40 ka) is earlier than the utility of AMS 14 C dating (40 ka to present), and 2) the standard reservoir correction was also consistently applied to any AMS 14 C dates used in the previously published age models. We are not endeavoring to look at the high-frequency variations among these cores and thus any relatively minor offsets in age models will not significantly affect the conclusions in this study. The published age model from Elmore and Wright (2011) revealed ã 18 kyr hiatus, constrained by 3 AMS 14 C dates from 227 to 282 cm (Table 2) . Based on an abrupt color change in the core, the top of this hiatus was located at 222 cm (see supplement of Elmore and Wright, 2011) . This section of sediment is interpreted to represent a mass transport event and thus data from this interval were not interpreted as part of this study. The previously published AMS 14 C date of~33.81 ka at 333 cm is considered to be below the mass transport event because it conforms to the linear sedimentation rate defined by the remainder of chrono-stratigraphic tie points below the event (Fig. 2E) . Age model information below 333 cm is not based on radiocarbon and is being presented here for the first time. The Lachamp Event (40 ka) was identified at 430 cm (H. Evans, personal communication; Table 2 ). Additional chrono-stratigraphic tie points were determined by comparing measured foraminiferal δ
18
O values to a stacked, benthic foraminiferal δ
O record by Lisiecki and Raymo (2005) (Table 2 ). The error associated with the Lisiecki and Raymo (2005) stack is reported to be~2 kyr, though relative errors will be significantly lower at individual sites tied to the LR04 chronology. In the case of 11JPC, the benthic foraminiferal δ
O P. wuellerstorfi record shows a very strong agreement to the LR04 stack as well as to the other records in the region (Fig. 4) age model shows nearly linear sedimentation rates through the interval of study (Fig. 2E ).
An age model for 3GGC was established based entirely on visual correlation among similar records (i.e., wiggle matching) rather than AMS 14 C dating (see Table 3 ), thus cores 3GGC and 11JPC are on a common age model. The record of benthic δ
O from 3GGC (Fig. 3A) was first visually compared to the Lisiecki and Raymo (2005) LR04 stack. A further, fine-tuning of the age model was completed by visual comparison of benthic and planktic δ 18 O, benthic δ 13 C, % CF, and % CaCO 3 from GGC 3 to the proximal core, 11JPC ( Fig. 3; Table 3 ). Since there are no available AMS 14 C dates, the error associated with this age model is proportionate to the error reported for the LR04 benthic stack of~2 kyr.
As with the previously published age model from Elmore et al. (2015) and Elmore and Wright (2011) that constrains the ages for the top of 11JPC, all previously published benthic foraminiferal δ 13 C records used in the construction of the Gardar Transect were kept on their originally published chronologies (Table 1 ). The selected cores each have substantial resolution to be used for comparison, with each published measured sample representing between 0.4 and 1.3 kyr of sedimentation (Table 1) . Thus, these cores are ideally geographically located and capable of comprising a depth transect to trace watermass changes on Gardar Drift (Fig. 1) . To support the use of each chronology remaining as it was published, there is a remarkable similarity in trends and values of the δ
O records from all sites investigated here, when the original benthic foraminiferal δ 18 O data are compared (Fig. 4) . Since benthic foraminiferal δ 18 O is largely controlled by extra-regional processes (including continental ice volume), the similarity in records is a strong indication that the age models for these sites are comparable, and relatively minor offsets will not affect the conclusions of this study.
Transect construction
To evaluate ISOW changes in the Late Pleistocene, we compiled the benthic foraminiferal δ 13 C data from all available core locations with high-resolution data over the time period of interest ( Table 1 ). The range in length (1600 km), range in water depth (1600 m), and confined geographic area of the sites within the Gardar Drift transect allows for the detection of ISOW penetration depth by monitoring variations in benthic foraminiferal δ
13
C values (Fig. 1) . Fig. 5C shows our new δ 13 C P. wuellerstorfi data, as well as all previously published (i.e., raw) data from the cores used to form the Gardar transect, on their original age models. To assess this variability in δ 13 C gradients on Gardar Drift, data from each of the sites in the Gardar transect were treated in two ways. First, benthic foraminiferal δ
C data from all sites in the Gardar region from 0 to 200 ka (Fig. 5C ) were smoothed using a Gaussian fit with a span of 2 kyr. This provided an average benthic foraminiferal δ 13 C value. Uncertainties for this average were calculated by using a Monte Carlo simulation, where the external reproducibility of the data was taken into account. This was performed by perturbing the δ 13 C data over a large sample number (n = 1000), and summing the resultant records before smoothing (as above) over a 2-kyr window. All sites were weighted equally (where they contained data within the sampling window, i.e., gaps of N2 kyr are omitted) to provide an unbiased final compilation. The standard deviation from the mean was then calculated along the timeseries (Fig. 5E) . Secondly, Gardar Drift core sites were divided into North and South regions (Fig. 1) to examine watermass changes along the drift crest. For the Northern Gardar Transect, a composite record was generated for northern sites, ODP site 984, ODP site 983, EW9302 JPC8, and V29-202. The weighted mean for Northern Gardar and 95% confidence intervals are presented along with the standard deviations from the mean, calculated as above (Fig. 5F) . A composite record for the sites on Southern Gardar, 11JPC, 3GGC, and Neap 18k, was determined using the same method (Fig. 1) . The difference between the North Gardar transect benthic foraminiferal δ 13 C record and the South Gardar transect δ 13 C records was then determined, utilizing the full uncertainty characterized by the composites (Fig. 5G) . All Monte Carlo statistics were carried out in the R statistical analysis program (R Development Core Team, 2010) .
Timeseries analyses were completed on the north-south difference and standard deviation of the benthic foraminiferal δ 13 C transect data using the AnalySeries 2.0.4.2 program (Paillard et al., 1996) using a span of 0.01 to identify recurring periodicities (Fig. 6) . Spectral analyses were completed using the -Tukey method in the same software (Blackman and Tukey, 1958) . The δ
C value of the Southern Component Water (SCW) end member was determined by using ODP Site 1090 from the Atlantic sector of the Southern Ocean ( Table 1) . As an additional monitor of the intrusion of SCW into the North Atlantic, benthic foraminiferal δ 13 C data were included from ODP Site 607, located below the subtropical North Atlantic Ruddiman et al., 1989) . Core locations, water depths, and age model information for each site are provided in Table 1 .
Results
Core KN166-14 11JPC
Marine Isotope Chronozones (MIC) 1 through 9a were defined in core 11JPC using the planktic and benthic oxygen isotope records, which show the typical saw-toothed pattern that characterized the late Pleistocene benthic foraminiferal oxygen isotope curves (Lisiecki and Raymo, 2005; Fig. 
4). Over this interval, the δ
18 O values range from 0.8 to 3.8‰ for G. bulloides, and from 2.5 to 4.5‰ for P. wuellerstorfi (Fig. 2) . Sharp decreases in δ
18
O are recorded at transitions from glacial to interglacial chronozones (MIC 8-7.5, MIC 6-5e; Fig. 2 ).
Benthic foraminiferal δ
13
C records from core 11JPC record orbitalscale variability, with values from − 0.3 to 1.5‰ for P. wuellerstorfi (Fig. 2) . The lowest values in benthic δ 13 C are recorded during MIC 8, 6, 4, and 3 (Fig. 2) . Values of benthic δ 13 C are highly variable during MIC 3, likely due to the high-frequency Heinrich or DansgaardOeschger Events (Fig. 2) . Through the interval of study, the record of Wt. % CF varies on glacial-interglacial timescales with values ranging from 0 to 35% for core 11JPC (Fig. 2) . Low Wt. % CF (b 15%) values are recorded during interglacial MICs 7.5, 7.3-7.1, 5e-5c, 5a, and 1 (Fig. 2) . The highest Wt. % CF values are recorded from 1700 to 1550 cm, corresponding to MIC 6 (Fig. 2) . The observed variability in Wt. % CF values indicate either an increase in fine particles during interglacials, an increase of large particles during glacials, or both (Fig. 2) ; winnowing or dissolution could also affect the Wt. % CF record; however, foraminifera appear visually well preserved. Increased ice rafted detritus (IRD) abundances during glacial periods are a well-documented feature of North Atlantic sediment records (Ruddiman, 1977; Bond and Lotti, 1995; McManus et al., 1999; Venz et al., 1999; Andrews, 2000) and have been documented during the cold Younger Dryas from this sediment core (Elmore and Wright, 2011) ; this suggests that higher glacial Wt. % CF is mainly due to a glacial increase in IRD (Fig. 2) . The MIC 3 section is characterized by Wt. % CF values that are highly variable and range from 0 to 25%; this is likely caused by increased IRD during Heinrich Events (Bond and Lotti, 1995; Fig. 2) .
Weight percent carbonate also varies on glacial-interglacial timescales in core 11JPC (Fig. 2) , as has been shown in other North Atlantic cores (Ruddiman et al., 1987; Ortiz et al., 1999) . Low Wt. % CaCO 3 values (20-30%) are recorded in the sections from 2200 to 2100, 1900 to 1800, 1600 to 1500, and 500 to 300 cm (Fig. 2) . These low % CaCO 3 values are coincident with elevated % CF suggesting that the record of % CaCO 3 is determined mainly by the dilution of carbonate by larger IRD during glacial periods (Fig. 2) . Highest values of % CaCO 3 are recorded in Table 2 Age model for core KN166-14 11JPC was previously published for 0 to 33.81 ka (Elmore and Wright, 2011) 11JPC sediments from 2100 to 2050, 1500 to 1450, 1275 to 1225, 950 to 800, and 150 to 0 cm (Fig. 2) . These zones of high % CaCO 3 correspond to interglacial periods with high productivity (Fig. 2) .
Core KN166-14 3GGC
According to the age model described above, core 3GGC can be subdivided into chronozones of the upper MIC 3, Last Glacial Maximum (LGM), Bolling/Allerod, Younger Dryas, and Holocene (Fig. 3) . Oxygen isotope values for G. bulloides and P. wuellerstorfi are highest (~3.5 and 4.5‰, respectively) in the LGM section (~25-15 ka; Fig. 3 ). Benthic and planktic δ 13 C values decrease in the upper MIC3 and
LGM sections for G. bulloides and P. wuellerstorfi (from 0.0 to −1.0 and from 1.2 to 0.4‰, respectively); values of each species are similar in these sections (Fig. 3) . P. wuellerstorfi δ 13 C values increase in the Bolling/Allerod, Younger Dryas, and lower Holocene to values of 1.0 and 0.5‰, respectively (Fig. 3) . Unlike P. wuellerstorfi, G. bulloides δ 13 C values decrease in the Bolling/Allerod, Younger Dryas, and lower Holocene to a value of −1.0 (Fig. 3) .
The record of Wt. % CF is variable for core 3GGC, with values ranging from 0 to 35% (Fig. 3) . Low Wt. % CF (b10%) is observed in the upper MIC 3 and throughout MIC 1 (Fig. 3) . Higher Wt. % CF (N20%) is observed during the LGM, likely due to an increase in IRD ( Fig. 3 ; McManus et al., 1999) .
Transect results
A comparison of benthic foraminiferal δ 13 C records from sites downstream of the Iceland-Scotland Ridge reveals a large degree of variability, indicating changes in watermasses (Fig. 5C ). The sites in the southern portion of the transect show greater variability than those in the northern part ( Fig. 5C; F) . This is reflective of the greater influence of SCW, with low δ 13 C values, recorded from sites that are more distal from the Iceland-Scotland Ridge (Fig. 5D ). Lower variability in δ 13 C values in the northern sites, or sites proximal to the ridge, indicates that they were almost always bathed by the same watermass with unchanging composition, which is likely ISOW (Fig. 5C) . The difference in benthic foraminiferal δ
13
C values between all transect sites is minimal (b0.5‰) during interglacials, MIC 5, and the Holocene, indicating that all transect sites were bathed by a similar water mass during interglacial periods (Fig. 5C, D) . The benthic foraminiferal δ 13 C values of the northern transect compilation and southern transect compilation are also similar during interglacial periods, also indicating that all of the transect sites were bathed by a similar watermass, likely ISOW (Fig. 5F ).
The standard deviation from the ensemble mean of all benthic foraminiferal δ 13 C data is less than 0.25‰ during interglacial periods (therefore within analytical reproducibility), providing statistical representations of the small gradient in benthic foraminiferal δ 13 C values within the transect sites (Fig. 5E) . The difference between the northern and southern transect composite benthic foraminiferal δ 13 C records is also lower during interglacials (b0.2‰), indicating a small gradient in benthic foraminiferal δ 13 C (Fig. 5F, G) . The small increase in standard deviation values in the earliest portion MIC 5e is likely due to differences within the age models for individual records over the abrupt transition from MIC 6 to 5e (Fig. 5E ). Since the northernmost cores used in this comparison (ODP site 984 and ODP site 983) lie northward of the maximum possible extent of AABW (Curry and Oppo, 2005) , they should always record the δ 13 C signature of a northern source and can be approximated as the northern end member . The low variability in the benthic foraminiferal δ
C records during the interglacial periods thus indicates that all sites are recording a northern sourced watermass during interglacial periods (Fig. 5E) . Additionally, while benthic foraminiferal δ O data from northern portion of the Gardar Drift transect (red), the southern portion of the transect (blue), including our 2 new cores (11JPC and 3GGC). The very good correspondence between all records shows strong confidence in the age models of all cores. The 95% confidence interval of all data is shown in grey, which includes uncertainty propagated by a Monte Carlo (n = 1000) simulation.
Table 3
Age model for core KN166-14 3GGC was determined based on chrono-stratigraphic comparison to a stacked benthic foraminiferal δ
18
O record by Lisiecki and Raymo (2005) .
Depth (cm)
Age ( prevalent in the northern North Atlantic during these periods (Fig. 5F ). Thus, a small benthic foraminiferal δ 13 C gradient during MIC 5e and the Holocene indicates that a deeply penetrating ISOW bathed all sites on Gardar Drift (Fig. 5G) .
The gradient in benthic foraminiferal δ
13
C values between the transect sites is large (up to~1.5‰) during glacial periods MIC 6, 4, and 2; this suggests that different water masses bathed the north and south regions of this transect during each of these glacial periods ( Fig. 5F; G) .
The standard deviation (an indication of data spread) of the benthic foraminiferal δ 13 C data shows higher values during MIC 6, 4, and the LGM (N0.25‰) relative to the spread in MIC 5e and 1; this shows that the southern portion of the transect is bathed by a different watermass than the northern portion. The difference between the northern and southern transect composite benthic foraminiferal δ 13 C records are both also larger during these glacial periods, suggesting two distinct water masses (Fig. 5G ). During MIC 6, 4 and the LGM, benthic Fig. 5F ; G). Because of the location of this transect, the intrusion of SCW onto southern Gardar Drift is evidence for the shoaling of ISOW during glacial periods.
The warmer substages of MIC 5, 5e, 5c, and 5a are characterized by low (b0.5‰) benthic foraminiferal δ 13 C variability on Gardar Drift ( Fig. 5A; B) . The standard deviation of the benthic foraminiferal δ 13 C during MIC 5 is generally b0.25‰ (Fig. 5E) . The difference between the northern and southern composite benthic foraminiferal δ
C records is also lower during MIC 5e, 5c, 5a (Fig. 5F, G) . The gradient is slightly larger during the cooler substages of MIC 5, MIC 5d, and 5b (~0.5‰; Fig. 5G ). Increased difference between the northern and southern composite benthic foraminiferal δ 13 C records and increased standard deviation of benthic foraminiferal δ 13 C values during MIC 5d and 5b signify a greater range in benthic foraminiferal δ 13 C values within the transect (Fig. 5G ). This could suggest that ISOW was shallower during MIC 5d and 5b than during the other substages of MIC 5 (Fig. 5F, G) . However, MIC 5d and 5b are characterized by ISOW that was only slightly shoaled. Some higher-frequency variability is superimposed on the longerterm trends during MIC 4 and 3 in core 11JPC records of % CF, G. bulloides δ 18 O, P. wullerstorfi δ 13 C, and % CaCO 3 (Fig. 2) . Percent coarse fraction decreased from 70 to 60 ka and reached minimum values at 58 ka, followed by a general increase from 58 to 35 ka (Fig. 2C ). Percent carbonate and P. wuellerstorfi δ 13 C records increased from 70 to 60 ka and reached maximum values at~58 ka, followed by a general decrease in value from 58 to 35 ka (Fig. 2D, B) . The period from 70 to 60 ka was characterized by a general decrease in the standard deviation of the benthic foraminiferal δ
C values in the transect, followed by an increase in standard deviation from 58 to 35 ka, suggesting a shoaling of ISOW (Fig. 5G) . Globigerina bulloides δ
18
O values became increasingly variable during the period from 58 to 35 ka, suggesting changing surface water conditions that are attributed to increased freshwater inputs ( Fig. 2A) . Together, these records indicate an overarching change in circulation and climate whereby a general decrease in ice rafting and freshwater input leads to deepening of ISOW from 70 to 60 ka, and a general increase in ice rafting is linked to a shoaling ISOW from 58 to 35 ka (Figs. 2, 5) .
Spectral analysis of the standard deviation of the benthic foraminiferal δ
13
C values for the transect sites, which indicates the size of the gradient between northern and southern transect sites, reveals a strong precessional signal (Fig. 6) . The precessional control on the northsouth gradient indicates that the depth of ISOW penetration is paced by this orbital forcing (Fig. 6 ).
Discussion-Orbital scale variability in ISOW penetration depth
Variability in NCW formation is often linked to changes in insolation (Fig. 5B) , known as Milankovich Cycles (Hays et al., 1976; Imbrie and Imbrie, 1980; Imbrie et al., 1993; Raymo, 1997; Raymo et al., 2004; Lisiecki and Raymo, 2005) . Between 3 and 1 Ma, the 41-kyr obliquity cycles dominated benthic foraminiferal δ 13 C records Raymo, 1997; Shackleton et al. 1990; Lisiecki and Raymo, 2005) . Following the Mid-Pleistocene Climate Transition, the 100-kyr eccentricity cycle dominated ice volume trends through the late Pleistocene (Hays et al., 1976; Raymo et al., 2004; Lisiecki et al., 2008) . Northern Component Water strength has been shown to follow these orbital-scale climate changes (e.g., Raymo et al., 2004) . The depth of ISOW penetration also follows orbital-scale climate cycles with a strong 100-kyr periodicity (Figs. 5G, 6; Duplessy et al., 1988a; Kissel et al., 1997) .
In addition to the longer eccentricity and obliquity cycles, the shorter 23-kyr precession cycle is also visible in climate records (Fig. 6) , most notably through the substages of MIC 5 (Raymo et al., 2004) , as well as in the Mediterranean sapropels (Hilgen, 1991) ; however, precession is considered to be a weak driver of large-scale ice volume changes (Lisiecki et al., 2008) . Precession-driven peaks in high-latitude northern hemisphere insolation can be seen at~50 and~60 ka ( Fig. 5B ; Laskar et al., 2004) ; however, previous studies of NCW strength do not show corresponding changes during MIC 3 (Raymo et al., 2004) . Similarly, insolation peaks at~150 and~170 ka caused by the precessional forcing occur during MIC 6, which is generally presumed to be a prolonged glacial period of decreased NCW formation (Raymo et al., 2004) .
Our benthic foraminiferal δ 13 C records ( Fig. 5D ; F) indicate that ISOW penetrated to deeper water depths during interglacial periods, consistent with modern observations (Worthington, 1976) and other paleoceanographic reconstructions (Duplessy et al., 1988a,b; Kissel et al., 1997) . During glacial periods, ISOW shoaled according to our records ( Fig. 5F ; G), consistent with proxy evidence for the intrusion of AABW into the northern North Atlantic (Boyle and Keigwin, 1987; Curry et al., 1988; Duplessy et al., 1988a,b; McManus et al., 1999; Marchitto et al., 2002; Curry and Oppo, 2005) . This suggests that the general patterns of ISOW variability are driven by the 100-kyr eccentricity forcing. However, the variability in the benthic foraminiferal δ 13 C values from the sites within the Gardar Drift transect also indicates that ISOW depth penetration varied in concert with precessional cycles (Figs. 5G; 6). These cycles are easily seen during the precession minima at~185 and~145 ka, during MIC 6, which are both associated with increased benthic foraminiferal δ 13 C gradients from the standard deviation data, indicating shallower ISOW due to decreased insolation (Fig. 5G) . These results are in opposition to those of Kuijpers et al. (1998) , who suggested that ISOW formation was enhanced during MIC 6. Additionally, the precessionally driven insolation minima at~70 and~25 ka and slight minima at~45 ka have corresponding maxima in benthic foraminiferal δ 13 C gradients (Figs. 5G; 6). The mechanism that links precession cycles and ISOW strength must not be strictly temperature dependent since neither ice core (Alley, 2004) nor paleoceanographic temperature records show a pronounced precessional signal (Raymo et al., 2004; Lisiecki et al., 2008 . However, we propose that high northern latitude summer insolation minima, driven mainly by precession cycles, led to increased low-elevation glaciers and sea-ice, which in turn provided the fresh meltwater necessary to impede convection in the Nordic Seas, and thus hindered the formation of ISOW. Additionally, the processional forcing strongly affects lowlatitude climate variations (McIntyre and Molfino, 1996) and thus precessionally driven changes in the tropical carbon cycle could be driving the precessional variability seen in the Gardar Drift benthic foraminiferal δ 13 C records. A strong precessional control on ISOW strength (Fig. 6 ) is especially interesting considering that ISOW is a large contributor to NCW (Worthington, 1976) , and precession is not considered to exert a strong control on NCW production strength (Raymo et al., 2004; Lisiecki et al., 2008) . This apparent difference may be due to the fact that the Gardar Drift transect is in a confined, gateway location that is sensitive to even subtle changes in NCW. One possible explanation for the apparent disagreement between ISOW variations and NCW variations is that many NCW strength records do not have the temporal resolution to decipher precession-scale variability. Another possible explanation is that other NCW contributors compensate for decreased ISOW production during some precession minima; such orbital-scale variability has been seen in records of Denmark Straits Overflow Water (e.g., Fagel et al., 2002; Millo et al., 2006) and Labrador Sea Water (HillaireMarcel et al., 1994) .
Our new benthic foraminiferal δ
13
C data examine glacial-interglacial changes in the depth penetration of ISOW along the Gardar Drift, with interglacial ISOW penetrating more deeply than ISOW during glacial periods (Fig. 5) . This may suggest a changing influence of ISOW to NADW during large climate transitions in the Late Pleistocene. Although δ 13 C data are sometimes ambiguous, our carbon isotopic data provide an important constraint for a change in ISOW penetration depth since δ 13 C is the only proxy that can currently provide the required data density to examine ISOW depth in 3 dimensions. Despite the limitations of δ 13 C, we have identified that ISOW was shallower during glacial intervals; since ISOW is a large contributor to NADW, this agrees with reconstructions that glacial NADW was shallower, weaker, or non-existent (e.g., Flower et al., 2000; Curry and Oppo, 2005; Lynch-Stieglitz et al., 2007; Thornalley et al., 2011a; Stern and Lisiecki, 2013) . Indeed, there is a strong agreement between our Southern Gardar δ 13 C record and the intermediate depth North Atlantic record from Lisiecki et al. (2008) , suggesting that our records may have a wider importance to the North Atlantic (Fig. 5D ). Our data also show SCW infringement on Southern Gardar Drift, which is in agreement with numerous reconstructions from the North Atlantic that demonstrate southern sourced water infringement using a variety of proxies from Pa/Th to Cd/Ca and neodymium isotopes (e.g., McManus et al., 1999; Marchitto et al., 2002; Alvarez Zarikian et al., 2009; Wilson et al., 2014) . While our δ 13 C data can only identify similar watermasses, and thus are not a direct link to ISOW volume or flow strength, sedimentological proxies in the region have suggested that glacial ISOW was weaker according to sediment magnetic properties (Kissel et al., 1999) or stronger according to grain-size and Sr/Nd isotopes. Both stronger and weaker ISOW strength can be reconciled with the shallower ISOW that we report.
Conclusions
Benthic foraminiferal δ 13 C records from a Gardar Drift transect reveal that the depth of ISOW penetration varied on orbital timescales. Similar benthic foraminiferal δ 13 C values were recorded along our transect during MIC 5e and 1, indicating that ISOW was deeply penetrating during interglacial periods ( Fig. 5D; Fig. 5F ). During MIC 6, 4, and 2, ISOW shoaled significantly, allowing the intrusion of SCW into the southern region of Gardar Drift (Figs. 5G; 6) . This relationship is consistent with previous studies linking NCW variation with the 100-kyr climate cycles of the late Pleistocene (e.g., Hays et al., 1976; Raymo et al., 1990 Raymo et al., , 2004 . However, the Gardar Drift transect reveals a strong imprint of the precession component of insolation on ISOW production, particularly during intermediate climate states, such as MIC 3, and during the glacial states of MIC 6 and 4 ( Figs. 5D; 6 ). The expression of precession in MIC 5 is strong in the climate signal (c.f., benthic foraminiferal δ 18 O changes from MIC 5a to 5e) but muted in the δ 13 C gradient on Gardar Drift. This suggests that during the substages of MIC 5, 1) ISOW production remained deeply penetrating, such that the mixing zone between NCW and SCW lay south of Gardar, and therefore Gardar Drift was insensitive to precession-driven changes, or 2) the smaller ice sheets in the northern hemisphere did not contribute substantial meltwater to the Norwegian Sea and therefore could not affect ISOW depth through either flux or density variations. On shorter timescales, highfrequency changes in ISOW penetration depth are also linked to freshwater inputs, likely due to Heinrich or Dansgaard-Oeschger Events.
